The pathophysiology of gestational hypertensive disorders is incompletely defined. T lymphocytes are implicated. Both T and natural killer (NK) cells express RAS and, in implantation sites, NK cells are highly enriched. We hypothesized that T cells and/ or NK cells contribute to circulatory control during pregnancy. Using radiotelemetry of arterial pressure, heart rate, and activity, mice without T and B cells (genotypes BALB/c-Rag2
INTRODUCTION
Hypertension is a common complication of human pregnancy, typically manifesting as gestational hypertension or preeclampsia after the 20th wk of gestation. Though the pathophysiology of gestational hypertensive disorders is incompletely defined, these syndromes are associated with adverse maternal and fetal outcomes, including increased risk for later development of cardiovascular diseases [1, 2] . Strong evidence has linked gestational complications, cardiovascular disease, and immune perturbations [3, 4] .
A unique lymphocyte subset, the uterine natural killer (uNK) cell, develops in abundance in decidualizing endometrium. These cells are terminally differentiated and generally accepted as necessary for normal human pregnancy [5] . Uterine NK cells secrete large amounts of cytokines and other molecules, including angiogenic factors, but are poorly cytotoxic. Chemokine receptors, cell adhesion molecules, and vascular addressins that promote uNK progenitor cell homing to decidualizing uterus have also been identified [6] [7] [8] [9] . Normally, uNK cells are highly proliferative only within early decidua, reach peak numbers at midgestation (;16-20 wk in humans [10] ; Gestation Day (GD) 10 in mice [11] ), then decline. Postulated functions of uNK cells are to promote decidual integrity, to monitor trophoblast invasion, and to participate in immune surveillance and in remodeling of maternal spiral arteries (SA), the principal vessels that feed into each placenta [11] [12] [13] .
We hypothesized that NK cells contribute to circulatory regulation during mouse pregnancy and used mutant strains and continuous, chronic radiotelemetry to address gestational blood pressure regulation. Two inbred mouse models with absent adaptive immunity (i.e., T À and B À ) were examined, BALB/c-Rag2 À/À (Rag2
À/À
) and NOD.scid, and compared to their respective congenic control strains (BALB/c and NOD). Both strains have abnormalities in somatic recombination of the Variable, Diverse, and Joining segments required for normal production of T and B cells. The recombination of these gene segments in immature T and B cells is critical for cell maturation and antigenic specificity. The Rag2 À/À mouse (knockout of the recombinase activating gene 2) does not have normal V(D)J rearrangement during T and B cell maturation. In these mice only immature, nonfunctional T and B cell precursor cells circulate [14, 15] . In contrast, scid is a spontaneous mutation in a DNA protein kinase that maps to chromosome 16 and promotes V(D)J recombination, but not to completion [16] . Scid mutants also lack functional T and B cells [16] . Rag2 À/À mice have normal NK cell functions, whereas the NOD strain is characterized as having deficits in NK cell and macrophage functions and impaired complement activation [17] [18] [19] . Recently, Suwanai et al. [20] attributed the functional deficit in NOD NK cells to allelic underexpression (;50%) of Il15, a cytokine critical to NK and uNK cell survival [21] . In our previous, midgestation study of NOD.scid females as nondiabetic controls for pregnant, diabetic (i.e., hyperglycemic) NOD mice, we reported that uNK cell numbers and SA modification in NOD.scid were equivalent to those in nondiabetic (i.e., normoglycemic) NOD mice [22] . However, SA remodeling was anomalous in both NOD background strains.
Using chronic radiotelemetry for data collection, we identified a dynamic, 5-phase pattern of gestational mean arterial pressure (MAP) in inbred (C57BL/6; BALB/c [23] and NOD, unpublished data) and randombred (CD1; Barrette and Croy, unpublished data) mice. During the preimplantation period (GD 0-5), there are no detectable hemodynamic alterations. Immediately postimplantation, MAP declines while heart rate (HR) increases until approximately midgestation (GD 9-10). MAP then increases to prepregnancy baseline levels at GD 14 and remains stable until term as HR declines back to baseline. This pattern appears to be linked to specific changes in placental development; however, the regulatory steps initiating the drop and subsequent gain in gestational MAP are not defined and could be due to maternal effects such as decidualization or decidual cytokine production [24] [25] [26] . In the current study, we hypothesized that the pregnant Rag2 À/À females would have normal circulatory regulation due to normally functioning NK/uNK cells, whereas pregnant NOD.scid females would have increased blood pressure due to their deficit in NK cell function.
MATERIALS AND METHODS

Animals
C.129S6(B6)-Rag2
tm1Fwa (Rag2
) and BALB/CAnNTac (BALB/c) mice were purchased from Taconic Farms (Germantown, NY). NOD/ShiLtJ (NOD) and NOD.CB17-Prkdc scid /J (NOD.scid) mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Mice were housed in a specific pathogen-free facility, provided with autoclaved water and mouse chow ad libitum. All animals in these studies were bred and used as age and GDmatched. The morning of copulation plug detection was called GD 0. All procedures were approved by Queen's University Animal Care Committee.
Radiotelemetry
10-wk-old female mice were surgically implanted with TA11PA-C10 radiotransmitters (Data Sciences International [DSI], St Paul, MN) via the common carotid under isoflurane anesthesia as previously described [23] . Following 10 days of recovery and return to normal circadian rhythm, baseline hemodynamic recordings (minimum 3 days) were collected. Recording was stopped and females were mated with syngeneic males. On GD 0, males were removed and recording restarted. Data were collected every 4 min for 30 sec continuously throughout pregnancy, including MAP, systolic arterial pressure (SAP), diastolic arterial pressure (DAP), HR, pulse pressure (PP), and activity using Dataquest A.R.T. Acquisition System (DSI, version 4.1). Following parturition, neonates were removed and weighed. Recording was stopped, and females were rebred for morphometric study at GD 12.
Hemodynamic data from each animal were averaged each 24 h. It has been previously determined that no hemodynamic changes are observed during the first 5 gestational days; a mean of GD 0-3 is calculated and subsequent data points are subtracted from this mean to obtain normalized data [23] . Also, to directly compare pregnant Rag2 À/À and NOD.scid females to their wild-type strains and to each other, BALB/c and NOD gestational data (respectively) were normalized to zero, permitting analysis of statistical deviations above and below wild-type data.
Histology and Morphometry
The transmitter-implanted Rag2 À/À (n ¼ 3) and NOD.scid females (n ¼ 3) were euthanized at GD 12 of second pregnancy for morphometric analysis.
Rag2
À/À and NOD.scid were anesthetized with tribromoethanol (250 mg/kg). Uteri were dissected and fixed in 4% (wt/vol) neutral buffered paraformaldehyde in 0.1 M phosphate buffer. Tissues were washed in 70% (vol/vol) ethanol and then processed into paraffin and embedded [27] . Implantation sites were serially sectioned at 7 lm and alternatively stained with hematoxylin and eosin or periodic acid-Schiff (PAS). Eight sections were scored from three implantation sites in each of three Rag2 À/À and NOD.scid females for uNK cell numbers and for spiral arterial structure. Sections were from the center of each implantation site and 42 lm apart to prevent duplicate counting of uNK cells. The center of the implantation site was identified by the presence of mesentery containing radial branches from the uterine artery and of the mesometrial lymphoid aggregate of pregnancy (MLAp), a transient lymphoid structure that develops between the uterine wall muscles and is centered above each placenta.
PASþ lymphoid cells with visible nuclei were enumerated as uNK cells. A minimum of 100 cells was counted per section in the MLAp and in the decidua basalis under 4003 magnification using a 1-mm 2 ocular grid [28] . All image analyses were performed using an AxioImager M.1 microscope and Axiovision software (Carl Zeiss, Oberkochen, Germany).
Three SA were measured per cross section. Lumen diameters (LD) were derived from the circumference (C) measurements of each vessel's cross section (LD ¼ C/p). Wall thickness was then determined by (wall diameter À LD)/2. Measurements were made using ImagePro Software (Media Cybernetics, Inc., Bethesda, MD).
To evaluate uNK cell proliferation, sections from three viable implantation sites from each of three Rag2 À/À and NOD.scid dams were reacted with mouse proliferating cell nuclear antigen (anti-PCNA; clone PC10; Abcam, Cambridge, MA) as previously described [29] . Slides were counterstained with PAS to identify uNK cells and counted as above. A proliferation index ([proliferating uNK cells/total uNK cells] 3 100) was calculated.
Flow Cytometry, Organ Weight Measurements, and Ifng ELISA Virgin and mated, noninstrumented female Rag2 À/À (n ¼ 3-5 per group) and NOD.scid mice (n ¼ 3-5 per group) were used to assess peripheral blood leukocytes. Mice were anesthetized as above and euthanized via cardiac puncture, and their blood was immediately transferred into ACD anticoagulant (BD Biosciences, Mississauga, ON), mixed, and diluted 1:1 in sterile PBS. This was layered onto Lympholyte M (Cedarlane Laboratories, Burlington, ON), and lymphocytes were separated according to manufacturer's directions. Lymphocytes were counted and assessed for viability using trypan blue dye exclusion. Aliquots of lymphocytes in 2% (wt/vol) bovine serum albumin (BSA)/PBS were added to rat a-mouse FITC-NKp46 (CD335, clone 29A1.4; BD Pharmingen) and Armenian hamster a-mouse PE-Cy5-CD3e (clone 145-2C11; eBioscience, San Diego, CA) and incubated on ice for 30 min. Rat amouse FITC-DX5 (CD49d) and rat a-mouse PE-CD122 (clone 5H4) were also substituted for NKp46 to confirm NK cell findings (eBioscience). Cells were washed in 1% (wt/vol) BSA/PBS and resuspended in buffer. Antibodies were previously titred using peripheral blood lymphocytes from immune-competent mice. Each acquisition included an unstained sample and appropriate isotype controls. Events (50 000 events per sample) were acquired on a Beckman Coulter FC500 Cytometer (Beckman Coulter, Mississauga, ON). Compensation and data analysis were completed using FlowJo software (Tree Star Inc., Ashland, OR).
Organs from the above, noninstrumented virgin and GD 12 Rag2 À/À and NOD.scid females were dissected. Hearts were dissected, trimmed from adipose and connective tissue, and weighed. The atria and ventricles were separated and weighed. Kidneys and whole uterus (with ovaries and mesentery removed) were weighed. For pregnant females, placentas and deciduas were dissected from each implantation site and separately weighed.
Tissue homogenates were prepared from the uterus for quantification of interferon gamma (Ifng). For nonpregnant females, the mesometrial side of the uterus was collected. For GD 12 mice, MLAp and decidua basalis were dissected as separate tissues and pooled by litter. Samples were placed into Eppendorf tubes containing 100 ll RPMI medium supplemented with 10% (vol/vol) fetal bovine serum, immediately disrupted using a Kontes micropestle (Fisher Scientific, Mississauga, ON), then centrifuged at 800 3 g (5 min, 48C). The supernatant was collected and frozen at À208C until assayed. The highsensitivity Ifng mouse ELISA (eBioscience) was performed according to the manufacturer's directions. Samples were run in duplicate. The standard curve gave an r 2 ¼ 0.99.
Statistics
Data were analyzed using Prism 4.03 Statistical Software (GraphPad, San Diego, CA) and are presented as means 6 SEM. Hemodynamic data (between and within group) were analyzed using two-way repeated measures ANOVA followed by Dunnett multiple comparison test. Baseline hemodynamics (between strain), flow cytometric data, and uNK cell proliferation were analyzed using one-way ANOVA followed by Bonferroni's post hoc test. All other data were compared between groups using unpaired two-tailed t-tests. When variances were unequal, Welch's correction was used. P , 0.05 was considered significant.
RESULTS
Hemodynamics in Virgin Rag2
À/À and NOD.scid Females
Prepregnancy baseline hemodynamic data for the two T and B cell-deficient strains were compared with female data from their appropriate congenic strains [23] (Table 1) . Rag2
females had a higher MAP than wild type (P , 0.02). This was not associated with a lower Rag2 À/À HR; both BALB/c genotypes had equivalent HR, PP, and activity levels. NOD.scid females had significantly lower MAP and SAP (P , 0.01) compared with nondiabetic NOD females, whereas DAP, HR, PP, and activity levels were equivalent.
The impact of the combined T and B cell deficits was not equivalent for these two inbred backgrounds. Rag2 À/À females had significantly higher pressures than NOD.scid females (MAP, SAP, and P; all P , 0.001) except for DAP (P ¼ 0.06), and Rag2 À/À HR was significantly lower (P , 0.005). The level of activity in Rag2 À/À virgin females was similar to virgin NOD.scid females.
Hemodynamic Changes During Gestation
As previously reported, the baseline hemodynamic parameters of virgin mice are not altered significantly during preimplantation stages of pregnancy [23] . This finding was confirmed for both Rag2 À/À and NOD.scid females. Thus, a GD 0-3 mean was calculated, and changes from this are illustrated over the remainder of pregnancy (Fig. 1) . For pregnant Rag2 À/À mice, MAP, SAP, and DAP followed the five-phase pattern we have observed for normal murine pregnancy (Fig. 1, A-C) . Specifically, from GD 0-5 no changes were observed, whereas a significant decline in MAP, SAP, and DAP followed until GD 9. Subsequently, pressures increased to the Rag2 À/À prepregnancy baseline at ;GD 14, followed by small variations until parturition. There were no statistical differences between the Rag2 À/À blood pressure patterns and BALB/c wild-type across gestation (Fig. 2, A-C) .
In contrast, pregnant NOD.scid mice had no midgestational decline in blood pressure (Fig. 1, A-C) relative to GD 0-3. MAP and DAP did not decline in NOD.scid at midgestation, although a statistically significant decrease in SAP was detected at GD 8-9. The NOD.scid gestational blood pressure pattern differed significantly from that observed in NOD mice (Fig. 2, A-C) . The pattern of the latter matched the patterns of BALB/c and now Rag2 À/À mice. Comparisons with gestational blood pressures of NOD mice revealed that NOD.scid had significantly higher MAP and SAP at GD 8-10 (P , 0.01), whereas DAP was not different between the strains. Similarly, when comparing Rag2 À/À and NOD.scid gestational blood pressures, NOD.scid mice had significantly higher MAP and SAP than Rag2 À/À mice (P , 0.01), but no differences were detected in DAP.
In the congenic control strains (BALB/c and NOD), changes in HR patterns are similar across pregnancy. There is an initial rise in HR that peaks at GD 8, then HR declines until term. Pregnant Rag2 À/À and NOD.scid females both deviated from this pattern; HR increased to GD 9 then remained above baseline until GD 15 (Fig. 1D ). There were no HR differences between the two T À and B À strains. Both had significantly higher HR than their respective control strains from GD 8 until term ( Fig. 2D; P , 0.05) .
In pregnant Rag2 À/À females, PP declined slightly but significantly at GD 8 and 9 (Fig. 1E) . The gestational PP of Rag2 À/À mice did not differ from BALB/c WT controls (Fig.  2E ). Compared to their GD 0-3 baseline, PP in pregnant NOD.scid females was more variable throughout gestation. By GD 7, NOD.scid PP declined, reaching nadir at GD 9, and PP in NOD.scid mice remained lowered until GD 12, when it returned to baseline (Fig. 1E) . The gestational PP of NOD.scid mice, relative to control NOD mice, was higher past midgestation ( Fig. 2E ; P , 0.004). Despite this, no significant gestational PP differences between T À and B À strains were detected.
In mice, levels of activity and HR typically have a positive correlation [23] . The characteristic pattern of activity we previously observed in mated mice (BALB/c and NOD) is an initial rise (which may be minor) followed by a steep decline to below basal activity levels after midgestation. Relative to GD 0-3 baseline, this activity pattern was also observed in pregnant Rag2 À/À mice at GD 17, accompanied by a decline in HR ( Fig. 1F ; P , 0.01). Compared to BALB/c controls, similar to HR, activity level in pregnant Rag2 À/À mice was significantly elevated past midgestation ( Fig. 2F ; P , 0.001). In NOD.scid mice, significant increases in activity were seen only on some days: specifically GD 7-9 and GD 11 compared to GD 0-3 ( Fig. 1F ; P , 0.01). In general, these times corresponded to periods of HR elevations. NOD.scid females did not exhibit the decline in activity or HR seen in most other strains during late gestation. During the latter half of gestation, the level of activity of NOD.scid mice was higher than in NOD mice ( Fig. 2F ; P , 0.0002). However, gestational activity level was not different between Rag2 À/À and NOD.scid mice, with the exception of GD 17 (P , 0.005).
Cardiac and Renal Changes with Pregnancy
To better understand the differences in the gestational circulatory changes between Rag2 À/À and NOD.scid, body and organ weights were compared for virgin and noninstrumented GD 12 females. Gestational Day 12 was selected because the major circulatory adaptations of pregnancy have occurred (i.e., increases in fluid volume and HR and decline in MAP), placentation is complete, and SA remodeling has occurred. Virgin Rag2 À/À did not differ in body weight from age-matched virgin NOD.scid. However, Rag2 À/À females had heavier organ weights (total heart weight, total ventricular weight, left ventricular weight, and kidney weight), and their ratios normalized to body weight were all significantly higher than 
) Change in MAP (DMAP). B) Change in SAP (DSAP). C) Change in DAP (DDAP). D) Change in HR (DHR). E) Change in PP (DPP). F) Change in activity.
Data is averaged over a 24-h period, normalized to GD 0-3 baseline and presented as mean 6 SEM. *P , 0.05 compared to within strain baseline, U P , 0.01 compared to within strain baseline.
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FIG. 2. Gestational hemodynamics of Rag2
À/À (n ¼ 6, white bars) and NOD.scid (n ¼ 5, black bars) relative to wild-type controls (BALB/c, n ¼ 4; and NOD, n ¼ 6; respectively).
A) Change in MAP (DMAP). B) Change in SAP (DSAP). C) Change in DAP (DDAP). D) Change in HR (DHR). E) Change in PP (DPP). F) Change in activity.
Data is averaged over a 24-h period, normalized to each strain per gestation day and presented as mean 6 SEM. *P , 0.05 Rag2 À/À compared to BALB/c, **P , 0.05 NOD.scid compared to NOD, #P , 0.01 Rag2 À/À compared to NOD.scid.
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for NOD.scid females ( Table 2 ; P , 0.05). For GD 12 pregnant Rag2 À/À females, the only weights that increased significantly over nonpregnant weights were body weight, uterine weight, and the kidney weight-body weight ratio (P , 0.05). Gestational Day 12 NOD.scid mice also had the expected increases in body and uterine weights compared to virgin NOD.scid (P , 0.05) but, in addition, had striking cardiac changes. Pregnant NOD.scid mice had increased total heart weight, total ventricular weight, and left ventricular weight, as well as left kidney weight, compared to virgin NOD.scid females (P , 0.01). The differences between the strains were reduced in pregnancy. Only ventricular weights and heart weight-body weight ratios differed (P , 0.02). In this set of noninstrumented animals, Rag2 À/À dams had significantly higher numbers of resorption sites (4.2/10 implantation sites of smaller size and black color) than NOD.scid dams (1/ 8.5 implantation sites; P , 0.01) ( Table 2 ). The neonatal outcomes of the first pregnancies in the transmitter-implanted mice did not show a difference in mean litter size between Rag2 À/À (n ¼ 9 litters, 6.7 pups per litter 6 0.8) and NOD.scid mice (n ¼ 6 litters, 4.5 pups per litter 6 0.7; P ¼ 0.067). However, neonates born to Rag2 À/À were smaller (n ¼ 9 litters, 1.48 g 6 0.023) than neonates born to NOD.scid (n ¼ 6 litters, 1.74 g 6 0.53, P , 0.0001).
Blood Lymphocytes
Blood lymphocytes were compared between virgin and GD 12 Rag2 À/À and NOD.scid females. No CD3þ T cells were detected above isotype levels in any animal (data not shown). Virgin Rag2 À/À (n ¼ 3) and NOD.scid (n ¼ 5) females had equivalent numbers of NKp46 þ blood NK cells (11.40% 6 3.63% vs. 15.48% 6 1.55%; Fig. 3 ). At GD 12, Rag2 À/À females (n ¼ 5) had similar numbers of NKp46 þ cells to virgin females (10.50% 6 2.03%), but NOD.scid (n ¼ 3) females had a significant reduction (1.63% 6 0.27%; P , 0.001). This finding was confirmed using two other NK cell markers (not shown). Thus, pregnancy in NOD.scid mice depletes the blood of NK cells.
Implantation Site Assessment
Uterine NK cells were enumerated in the MLAp and decidua basalis of Rag2 À/À and NOD.scid at GD 12. In the MLAp, no differences were found in PASþ uNK cell numbers between Rag2 À/À and NOD.scid (98.58 6 3.27 vs. 90.50 6 10.10; P ¼ 0.49). Similarly, no differences in uNK cell numbers were found in decidua basalis (Rag2 À/À , 38.15 6 0.96 vs. NOD.scid, 38.25 6 1.37; P ¼ 0.95). NOD.scid uNK cell numbers were similar to those we reported for GD 10 implantation sites [22] , suggesting uNK cell numbers peak in NOD.scid females between GD 10-12. The proliferative status of uNK cells was assessed in the T À and B À strains and in BALB/c and NOD females at GD 12 (Fig.  4, A-E) . The proliferation index of uNK cells within Rag2 À/À MLAp (25.9% 6 4.8%) and decidua basalis (31.0% 6 2.3%) did not differ from BALB/c (28.9% 6 3.2%, 28.8 6 3.2; Fig. 4 , D and E). However, the NOD.scid and NOD uNK cell proliferation indices of 61.7% 6 2.2% and 56.7% 6 2.4% for the MLAp and 48.3% 6 1.8% and 51.7% 6 2.0% for the decidua basalis were significantly elevated compared to both BALB/c genotypes (Fig. 4 , D and E; P , 0.001). Uterine NK cell proliferation between the NOD strains was not different.
GD 12 Rag2 À/À SA were modified. They had thin smooth muscle walls (10.2 6 0.4 lm) and dilated lumens (108.7 6 0.3 lm). SA of NOD.scid dams had significantly thicker walls (24.6 6 1.1 lm; P , 0.0001) that incorporated extracellular matrix deposits and uNK cells. NOD.scid SA diameters were also significantly shorter than Rag2 À/À (69.0 6 2.7 lm; P , 0.001). Rag2 À/À dams had significantly lower wall-lumen ratios than NOD.scid dams (P , 0.001), indicating more extensive SA remodeling.
Because uNK cell numbers were equivalent in Rag2 À/À and NOD.scid implantation sites but the extent of SA remodeling differed, Ifng, a product largely derived from uNK cells in normal implantation sites, was quantified. All samples of nonpregnant mesometrial uterus lacked detectable Ifng, consistent with previous studies [21] . At GD 12, Ifng concentrations within the MLAp did not differ between the strains. However, within decidua basalis, Rag2 À/À implantation sites had higher concentrations of Ifng than NOD.scid ( Fig. 5 ; P , 0.02).
DISCUSSION
To advance understanding of the regulatory influences of NK and T cells on gestational hemodynamics, this study 610 compared systemic and local features of pregnancy in two inbred T and B cell-deficient mouse strains. Despite reported similar immune phenotypes, the two strains differed significantly in their circulatory and uterine adaptations to pregnancy. Rag2 À/À females had slightly higher baseline blood pressures than other strains we have studied, including congenic females of wild-type or alymphoid genotypes. Despite this, the Rag2 À/À pattern of blood pressure change over gestation did not differ from that in congenic mice. No cardiac or renal hypertrophy was detected in pregnant compared to nonpregnant Rag2 À/À females, nor was there a detectable change in numbers of circulating NK cells. Rag2 À/À females had normal numbers of uNK cells in both the MLAp and decidua basalis, SA remodeling was completed, and although some midgestational fetal losses and smaller neonatal weights were seen, the overall neonatal outcomes were considered to be normal, given the small number of litters examined. Thus, on the BALB/c background, genetic depletion of T cells or T cells and NK cells has no influence on the blood pressure or the local circulatory adaptations to pregnancy. These adaptations must therefore be due to fetal-placental, hormonal, or decidual stromal regulation.
NOD.scid mice had lower MAP and SAP than congenic NOD females before mating. Further, the gestational hemodynamics of NOD.scid mice were atypical; there was no nadir in MAP or DAP at GD 9, but SAP was lower at midgestation than the pregestational baseline, suggesting differential changes in cardiac function. Relative to NOD controls, pregnant NOD.scid mice had significantly higher MAP and SAP at midgestation, which has not been observed in wild-type or immunecompromised mice. Between NOD.scid and NOD mice, several gestational circulatory differences were observed, although both strains had similarly impaired SA remodeling, normal uNK cell counts, and unremarkable fetal outcomes. Gestational MAP, SAP, HR, PP, and activity were generally higher in NOD.scid than NOD females. From these data, we postulate that NK cells have pressor ability during gestation and, in normal strains, may interact with T cells. The dysfunctional NK cells in NOD mice may be compensated for by T cell crosstalk, accounting for the observed normal gestational blood pressure profile in NOD mice. This crosstalk and the normal pattern of circulatory control are absent in NOD.scid mice.
Cardiac hypertrophy was present by midgestation in NOD.scid females, accompanied by an increase in renal mass. These findings were accompanied by a profound, pregnancyinduced decrease in circulating NK cell numbers. While we did not exclude marginalization of flowing NK cells and their adhesion to vascular endothelium as an explanation for this loss, we did show that normal uNK cell numbers were present in both the MLAp and decidua basalis. Pregnancy-induced redistribution of an entire lymphocyte subset is a novel   FIG. 3 . Representative histograms of NKp46 expression in peripheral blood lymphocytes from nonpregnant and GD 12 Rag2 À/À (n ¼ 3-5 per group) and NOD.scid mice (n ¼ 3-5 per group). Lymphocytes were previously gated based on forward and side-scatter properties following lymphocyte isolation. Isotype controls were run in each series (unshaded).
observation. This finding implies tremendous chemotactic signaling from the decidualizing uterus. While the absence of systemic NK cells during gestation may represent a delay in repopulation from progenitors, it indicates the pregnant uterus is a preferential niche requiring uNK cell function. Despite normal numbers of uNK cells in NOD.scid implantation sites, this population of cells was abnormal; uNK cells were both hyperproliferative and hypofunctional. In all other strains studied, uNK cell proliferation has decreased significantly by GD 12 [30] [31] [32] . Delayed macrophage maturation combined 
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with suboptimal production of Il15 [20] , the essential growth factor for uNK cells [33] , likely account for continued late midgestational division of uNK cells. The uNK cells might also be delayed in their maturation or have functional limits within implantation sites that could account for the poor SA remodeling seen in implantation sites of mice on the NOD background [22] . The remarkable number of proliferative uNK cells within the implantation sites of both NOD.scid and NOD females may also represent inadequate regulatory feedback on NK cells. To date, the only apoptotic signal known to regulate the uNK cell population is autocrine Ifng [34] . A deficit in this pathway is consistent with the low concentration of decidual Ifng and the lack of arterial modification found in midgestation NOD.scid mice. In spite of these differences, neonatal outcomes were normal and display the effective compensatory mechanisms available in mice to promote gestational success.
Examination of different circulatory parameters during gestation provides insight into the interrelationships between heart function, circulation, and the immune system. Typically, in strains we have studied, the gestational PP pattern has been the one observed in Rag2 À/À females, with a PP decline at midgestation. This pattern was observed in pregnant NOD.scid females as well; however, relative to NOD controls, PP was significantly higher. Significant PP differences suggest that NOD.scid females adapt to gestational challenges differently than WT or Rag2 À/À females. The systemic vasculature in NOD.scid mice may alter its physical properties (such as increasing compliance) during mid-to late gestation, as measured by increasing PP, in part, indicative of an increased cardiac afterload and resulting in the observed left ventricular hypertrophy and relative increase in SAP. Whether this cardiac response to pregnancy is strain-specific or due to immune impairment is yet to be resolved.
The major circulatory difference detected during gestation between wild-type and both of the T-and B-deficient strains was HR. In mice and humans, HR change is one of the earliest alterations of pregnancy [23, 35] . This is likely a compensatory mechanism to maintain higher cardiac output in a hyperdynamic circulation, with volume loading and decreased vascular resistance. We previously reported, in mice, that HR rises early in gestation and normalizes prior to term [23] ; this is similar to that observed in human gestations [35, 36] . In both Rag2 À/À and NOD.scid, HR remains elevated until term and is not directly attributable to activity level. It is unlikely that lack of T and B cells is a direct cause of increased HR during the physiological stress of pregnancy; however, the marked increase in gestational HR observed in these T À and B À strains implies significant increases to cardiac output without gains in stroke volume, as MAP does not become elevated. Based on this concept, these adaptations would be reflected by a substantial decline in total peripheral resistance, likely in the uterine vasculature. Sustained elevation of HR and high cardiac output may allow appropriate placental perfusion. As a consequence, HR variability or arrhythmias may develop, which were not assessed in the current study. De novo and worsening arrhythmias are common in pregnant women and can negatively impact maternal and fetal health [37] .
The maintenance of MAP observed in NOD.scid mice is consistent with adequate perfusion of the placenta, despite incomplete remodeling of SA as a consequence of the increased cardiac output. However, these subtle circulatory changes in NOD.scid during pregnancy cause cardiac hypertrophy, which can also be a feature of human gestational complications [38] . Whether cardiac and vascular changes persist postpartum in this strain requires further investigation. The cardiac and circulatory adaptations to pregnancy, particularly in reference to immune function, are highly relevant to clinical studies. Hypertensive disorders of pregnancy have a poorly understood pathogenesis; fundamental knowledge can be gained from circulatory adaptation in animal models.
This study has demonstrated that in mice lacking adaptive immunity (T and B lymphocytes), gestational HR elevation is observed relative to T-and B-sufficient mice. HR elevation likely acts to maintain high cardiac output in the presence of potentially low peripheral resistance in T À and B À pregnant mice. While HR was similar, blood pressure between Rag2 À/À and NOD.scid females differed. While Rag2 À/À females showed a pattern of gestational blood pressure change typical of normal pregnancy, NOD.scid mice did not. NOD.scid mice, with significant genetic impairment of NK cell and macrophage functions, had significantly higher midgestational blood pressure phenotype relative to controls. This study establishes a modulating role for T cells and NK cells in control of the circulation during pregnancy.
